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Critical thickness for the nucleation of dislocations in coherently strained epitaxial thin films has been a subject of considerable study since the pioneering work of Frank and Van der Merve.
1 Intense work has been carried out on semiconductor heteroepitaxial thin films, especially on the critical thickness for nucleation of dislocations.
2 Considerable literature is available on various aspects of dislocations, including their stress fields and energetics. 3, 4 The subject of misfit dislocations has also been adequately covered in the literature. 5, 6 During epitaxial growth the first few layers are coherent with the matrix and the film lattice suffers tetragonal distortion. As the film thickness increases, dislocations begin to nucleate, and this partially relaxes the strain due to lattice mismatch and the thickness at which this occurs is designated as the critical thickness (h c ). It has been observed that, in metallic thin films, global minimization of energy can explain the experimentally determined critical thickness values and these are referred to as equilibrium thin films. 7 On the other hand, in semiconductor epitaxial films the critical thickness values exceed those predicted by equilibrium theories and are referred to as metastable films. 8 The finite element method ͑FEM͒ is proving to be a useful tool in analysis of material behavior at the nanometer scale including that for strained semiconductors 9 and dislocations. 10 In the current work, using a technique to simulate growth of an epitaxial film and edge dislocation, the critical thickness of equilibrium thin films is determined using the finite element method.
To illustrate the finite element methodology and to compare the results with available analytical and experimental results, the system shown in Fig. 1 is considered. The x direction corresponds to the ͓110͔ direction and the height of region A ͑Fig. 1͒ increases with growth of the film. The starting mesh configuration consists of bilinear quadrilateral elements with mesh size corresponding to the lattice spacing of the substrate along the ͓110͔ direction (a s ). Separate material properties are used for the film and the substrate 11 ͑Table I͒ depending on the film/substrate system considered. E and are calculated from single crystal data 11 and isotropic conditions are assumed. The yield stress is set to arbitrarily high values to restrict analyses to the elastic regime. To define the boundary conditions using the symmetry of the domain, half the length of the system is taken and plane strain conditions are imposed. The model is computed using a two-dimensional finite element code. 12 As the first step ͑step 1͒ in simulating the strained film, strain is fed into region A ͑Fig. 1͒ that corresponds to the strain due to lattice mismatch between the film and the substrate, calculated with respect to the strained lattice:
where ⑀ m is the stress free Eshelby strain 13 imposed and a f is the corresponding lattice spacing of a free-standing film.
In the next step ͑step 2͒ an edge dislocation with Burgers vector of a/2͓110͔ on the (111) plane is modeled by feeding Eshelby strain into region B ͑Fig. 1͒ that corresponds to introduction of an extra plane of atoms. This strain is
where ⑀ T is the strain imposed on a column of elements at the center of the system ͑region B in Fig. 1͒ and b s is the Burgers vector of the substrate. In Fig. 1 b s is taken to be equal to a s . The energy of the system is monitored after step 1 ͑growth of the film͒ and step 2 ͑introduction of the simulated dislocation͒ and the values are compared. To obtain the self-energy of the dislocation in an unstrained material step 2 is executed and the energy of the system is computed. To compare the energy of an edge dislocation computed from the FEM simulation with that of the standard theory, introduction of an edge dislocation in a Ni crystal is considered. The self-energy of the dislocation obtained from the Figure 2 shows a plot of x upon introduction of a FEM simulated edge dislocation in the Cu 0.9 Au 0.1 /Ni system with a coherently strained film 9 Å thick. The asymmetry between the compressive and tensile stress fields should be noted. This aspect emphasizes the need for energy minimization of the complete film-substrate system ͑and not just that of the film͒. The energy per unit area of a monolayer of the film ͑3.7 Å thick͒ calculated from the simulation is 4.9ϫ10 Ϫ2 J/m 2 and that from a standard equation 14 is 6.3ϫ10 Ϫ2 J/m 2 . It is seen that the simulated results are in reasonable agreement with the values calculated from theory.
The energy of the system per unit area of interface, before and after introduction of a dislocation, as a function of the thickness of the film for the Co/Cu system is shown in Fig. 3 . The crossover of the two curves corresponds to the critical thickness at which the nucleation of a dislocation becomes energetically favorable. A comparison of the critical thicknesses with experimental results from the literature for Co/Cu, 15 Pt/Au, 16 and Cr/Ni ͑Ref. 17͒ systems is shown in Table II . Good correspondence is seen between the results, which further serves to validate the current model for the critical thickness of epitaxial metallic films.
A comparison between theory 1 and finite element simulation of the critical thickness for the onset of misfit dislocations in the Cu x Au 1Ϫx /Ni system as a function of copper content x in the film is shown in Fig. 4 . Although good correspondence is seen between the results, the following points should be noted which show the essential differences between standard theory and the current simulation: ͑i͒ As growth progresses, the upper layers are expected to be more relaxed energetically compared to the layers closer to the substrate and this aspect is captured in the simulation. ͑ii͒ The simulation calculates the energy of interfacial dislocation in a film/substrate system ͑with separate material properties for the film and substrate͒, wherein there is considerable asymmetry between the tensile and compressive stress fields of the dislocation and hence the energy of an interfacial dislocation is different from that of a dislocation in a bulk crystal. ͑iii͒ The methodology adopted automatically takes into account the interaction between the film coherence and dislocation strain fields. ͑iv͒ Equilibrium critical thickness is calculated taking into account the energy of the entire system and not just the film as in many models.
1,18
Additionally, the following limitations of the current model are to considered for further improvements: ͑i͒ E and values calculated from single crystal data have been used for the thin films ͑this is especially unsatisfactory for Co which has an usual hexagonal structure͒. ͑ii͒ Vegard's law is used to calculate the lattice parameter and material properties of the Cu x Au 1Ϫx films. ͑ii͒ For computational convenience the thickness and width of the substrate considered is small compared to the real physical dimensions ͑the effect of this can be seen in Fig. 4 where the deviation between theory and simulation increases for systems with an increase in critical thickness͒. ͑iii͒ For computational convenience and for comparison with available experimental data highly strained films were considered in the current analysis and the model will have to be tested for low strain systems wherein the critical thickness values are very large. ͑iv͒ The core structure of the dislocation was ignored in the simulation.
In summary, using a combination of FEM simulation of a coherently strained epitaxial film and a misfit dislocation ͑by feeding in the appropriate stress free Eshelby misfit strain͒ the critical thickness of equilibrium thin films is calculated. The results obtained show close correspondence with standard theoretical expressions and experimental results for epitaxial metallic films. The reasons for this close correspondence will have to be further investigated, since many of the simplifying assumptions used in standard theory have not been used in the current FEM model which itself suffers from an alternate set of assumptions.
In general, the methodology adopted here can be used in systems with complexity, like precipitates in metals, epitaxial superlattices and epitaxial islands and hence the current simulation is of considerable interest.
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